In our laboratory, a new series of acidic glycosphingolipids, phosphonoglycosphingolipids, have been found in the tissues of Aplyaia kurodai (1) . The structures of three major glycolipids isolated from the skin, named SGL-II, SGL-I', and SGL-I, have so far been determined (2) (3) (4) . These are mono-, di-, and triphosphonopentaosyl ceramides having O-methylhexose or O-methylhexosamine at their nonreducing ends. Their phosphono-compound is 2-aminoethylphosphonic acid, which renders the glycolipids acidic.
Many neurobiological and non-neurobiological functions of acidic glycosphingolipids of deuterostomia, especially gangliosides, have been suggested (5) (6) (7) (8) . In protostomia, in which gangliosides have not yet been found, a glycosphingolipid containing glucuronic acid has been proposed to have some role in the process of fertilization (9) . However, the functions of most of the acidic glycosphingolipids, especially of glycolipids containing aminophosphonic acid are unknown.
Recently, we demonstrated that a phosphonoglycosphingolipid, named FGL-IIb, which was specifically located in nerve fibers, contained pyruvic acid linked to a galactose moiety (Araki, S. et al., submitted) . Pyruvic acid might make this phosphonoglycosphingolipid acidic. As a first step in elucidating the biological functions of a glycolipid that is specific to, or concentrated in nerve fibers of Aplysia, we raised a polyclonal antibody against FGL-IIb, and ex- 1 To whom correspondence should be addressed. Abbreviations: PBS, phosphate-buffered saline; HRP, horseradish peraxidase.
amined the localization of antigens in the tissues of Aplysia kurodai irnrnunohistochemically.
MATERIALS AND METHODS
Antigen-FGL-IIb, a monophosphonopentaosylceramide, isolated from nerve fibers of Aplysia kurodai was used as the antigen. It was characterized as 3,4-O-(l-carboxyethylidene)]Galy91->3GalNAca l-3(Fuca 1-2) (2-aminoethylpho8phonyl->6)Gal/?l->4Glc/?l->lcerarnide, and details of its purification and structural determination will be reported elsewhere (Araki, S. et al, submitted).
Preparation of Anti-FGL-IIb Antiserum-The procedure used was essentially as reported (10) , but a lower dose of purified FGL-IIb (200//g) with 0.3 ml of pertussis vaccine (Takeda Chemical Industries) was used for primary immunization of the rabbit. Two booster injections of FGL-IIb (100 ng) were given, and anti-FGL-IIb antiserum was obtained 2 wk after the last injection. The anti-FGLIIb antiserum obtained had a titer of 4,096 by peroxidaseenzyme-linked immunosorbent assay (11) .
Radioimmunodetection of Antigens on Two-Dimensional Thin-Layer Chromatograms-Total glycolipids (45 /ig) extracted from ganglia, nerve fibers or skin of Aplysia were chromatographed in two dimensions on plastic TLC plates, as described previously (1) . Antigens were detected radioimmunologically by the method of Magnani et al (12) , as modified by Abe et al (10) .
Chemical Modifications of FGL-IIb-FGL-IIb was treat-ed with 0.05 M HC1 in methanol at room temperature for 5 h. The resulting material was reduced with NaBrL. at room temperature overnight as described by Ariga et al. (13) , or treated with 0.2 M NaOH in 90% methanol at 37*C for 2 h. After treatment with dilute acetic acid and desalting by Sephadex LH-20 column chromatography, the glycolipid derivatives were applied to plastic TLC plates and their immunoreactivities were examined as described below. Enzyme-Immunostaining of' Glycolipids-FGL-IIb and its derivatives on plastic TLC plates were enzymeimmunostained by the method of Higashi et al (14) . The anti-FGL-Hb antiserum was diluted 50 times with 10 mM PBS (pH 7.5) supplemented with 1% bovine serum albumin, 1% polyvinylpyrrolidone, and 0.02% NaN 3 before use. HRP-labeled goat IgG antibody to rabbit IgG (Cappel Products) was used as the secondary antibody at 500-fold dilution in PBS supplemented with 3% polyvinylpyr- rolidone.
Western Blot Analysis of Water-and SDS-Soluble Proteins of the Nervous Tissues of Aplysia-
The methods used were as described previously (11) , except that anti-FGL-IIb antiserum was used as the primary antibody.
Immunohistochemical Staining-Freshly dissected abdominal and cerebral ganglia and skin were fixed with 4% formaldehyde in PBS containing 30% (w/v) sucrose for 24 h at 4"C. The tissues were rinsed in PBS containing 30% (w/ v) sucrose overnight at 4'C and then frozen rapidly in O.C.T. compound (Miles Lab.). Cryostat sections of 8//m thickness were prepared and attached to 0.01% poly-Zlysine-coated slides. All sections were pretreated with 0.5% Triton X-100 in PBS for 30 min at room temperature and with normal goat serum at 4'C overnight. Then the sections were incubated with rabbit anti-FGL-IIb antiserum (1 : 80 dilution in normal goat serum), and with HRP-labeled goat anti-rabbit antiserum (1 : 20 dilution in normal goat serum, E.Y. Lab.) for 1 h each at room temperature. The resulting complexes were detected by incubation in 3,3'-diaminobenzidine (Dodindo Lab.)-H 2 O 2 solution. Section of tissues fixed in formalin and embedded in paraffin were also used. Deparaffinized sections were treated with antiserum as described above without pretreatment with 0.5% Triton X-100. As a control, anti-FGL-IIb antiserum preabsorbed with total glycolipids of nerve fibers (2.3 mg per 20 /^l of the antiserum) or diluted preimmune rabbit serum was used in the first reaction. For examination of the extractability of antigens with an organic solvent, cryostat sections were immersed in chloroform-methanol (2:1, v/v) mixture for 30 min at room temperature and then treated with antibody as described above. two dimensions on plastic TLC plates. Then the immunoreactivity of individual lipids with anti-FGL-IIb antiserum was examined radioimmunologically as described in 'MATERIALS AND METHODS." After autoradiography (Fig. IB) , the TLC plates were sprayed with anthrone reagent (Fig. 1A) . The glycolipids designated as FGL-I (GGL-I in ganglia), FGL-IIa, FGL-Hb, FGL-V (G-13 in ganglia), and F-9 reacted strongly with the anti-FGL-IIb antiserum on TLC plates. Spots corresponding to FGL-VTI (GGL-V in ganglia, SGL-II in skin) reacted weakly with the antiserum. Even when a tenfold larger amount of FGL-VII was used, it was not reactive with the antibody by the ELISA method (data not shown). In addition to the abovementioned glycolipids, several minor glycolipids, which were scarcely detectable with anthrone reagent, also reacted with the antibody. Most of the immunoreactive spots from skin were undetectable with anthrone reagent (Fig.  1) .
RESULTS

Identification and Characterization of Antigens to the
The water-and SDS-soluble proteins of Aplysia nervous tissues were subjected to SDS-polyacrylamide gel electrophoresis, blotted onto cellulose nitrate membranes, treated with anti-FGL-IIb antiserum and stained for HRP as described in "MATERIALS AND METHODS." No band of immunoreactive protein was observed (data not shown).
As shown in Fig. 2A (lane 2 plastic TLC plates. Treatment of this derivative with NaBrL, yielded a further derivative that migrated somewhat slower than the acid-methanol-treated FGL-IIb, but faster than FGL-IIb ( Fig. 2A, lane 3) . Saponification of the acid-methanol-treated FGL-IIb under mild alkaline conditions yielded a substance with the same R f value as that of the original FGL-IIb (Fig. 2A, lane 4) . Figure 2B shows that, on esterification or reduction of its pyruvic acid moiety, FGL-IIb completely lost its antigenicity against anti-FGL-IIb antiserum (Fig. 2B, lanes 2  and 3) , and that saponification of the acid-methanol-treated FGL-IIb restored the reactivity (Fig. 2B, lane 4) .
Similar results were obtained with the other glycolipida FGL-IIa, FGL-I, and FGL-V that react with anti-FGL-IIb antiserum (data not shown).
Immunohistochemical Findings-Cryostat sections of the abdominal ganglion showed distinct staining of nerve bundles in the connective and the peripheral nerves, which are encapsulated by perineural sheath (Fig. 3, A, C, and D) . No staining was observed in other portions, such as the periganglionic tissue, the perineural sheath and most of the parenchyma (nerve cell bodies, satellite cells and neuropil). However, in the parenchyma, moderate staining was seen in fibers at the periphery of the ganglia, which might connect to the proximal portion of the peripheral and connective nerves.
A similar staining pattern was observed in the cerebral ganglion (data not shown).
In the skin, the peripheral nerve bundles, located sporadically in subcutaneous and muscular tissues, were clearly stained. Nerve cells adjacent to these nerve bundles showed little or no staining (Fig. 3E) . No positive staining was observed in the perineural sheath, the subcutaneous connective tissue or the muscular tissue. Small mononuclear and foamy cells were also not stained.
No distinct staining was observed in any tissues with preimmune rabbit serum or with antiserum preabsorbed with the total glycolipids of nerve fibers (Fig. 3B) .
Similar staining patterns were obtained with paraffin sections of the abdominal and cerebral ganglia and the skin.
The stainings described above were completely abolished by pretreatment of the cryostat sections with chloroformmethanol (2:1, v/v) mixture for 30 min (Fig. 4, A and B) .
DISCUSSION
In the previous study (11), we raised antiserum against a phosphonoglycosphingolipid named SGL-II isolated from the skin of Aplysia kurodai and investigated the localization of antigens in the two ganglia and the skin immunohistochemically. We concluded that the antigens should be glycolipids and glycoproteins with common epitopes distributed in the neuropil and sheath of the ganglia, in the perineural sheath, and in the connective tissue, foamy cells and mononuclear cells of the skin.
In the present study, we raised antiserum in a rabbit against FGL-IIb, which is specifically concentrated in the nerve fibers of Aplysia, and used it to determine the localization of the epitopes in the nervous tissue and the skin of Aplysia. The nerve bundles in the nerves were stained specifically by the indirect immunoperoxidase method in both cryostat and paraffin sections of two ganglia and skin.
Pretreatment of cryostat sections with Triton X-100 made the staining more distinct, especially in sections from the skin. The same effect was achieved by trypsin digestion of cryostat sections (data not shown). Treatment with chloroform-methanol mixture completely abolished the immunoreactivity of the section with anti-FGL-IIb antiserum. No protein band was detected by the antiserum on Western blot analysis of total proteins from the nervous tissue of Aplysia. These observations suggest that the staining of the nerve bundles is due to lipidic antigens that are masked by proteinaceous components. Immunoelectron microscopic studies are required to identify which structures, the axolemma, glial membranes, or extracellular elements, were stained.
We used radioimmunostaining of two-dimensional TLC plates to identify these antigens. Of the glycolipids of Aplysia that have been identified with anthrone reagent by TLC, FGL-I, FGL-IIa, FGL-IIb, FGL-V, and F-9, identified in ganglia and nerve fibers (1), reacted with the anti-FGL-IIb antibody. The reactivity of FGL-IIb with the antiserum was abolished by mild acid-methanol treatment, Vol. 106, No. 6, 1989 which converted the pyruvic acid at the non-reducing end of FGL-IIb to a methylester, and the lost immunoreactivity was recovered by alkaline hydrolysis. These results indicate that the epitope for the anti-FGL-IIb antibody involves the free carboxy group of the pyruvic acid in FGL-IIb. Since immunoreactivities of FGL-I, FGL-Ea, and FGL-V were modified similarly to that of FGL-IIb, these phosphonoglycosphingolipids probably also have the same moiety that is responsible for the antigenicity. In all three tissues examined, and especially in the skin, an unidentified substance with similar chromatographic behavior to SGL-II and many quantitatively minor substances, undetectable with anthrone reagent, also reacted with the anti-FGL-IIb antiserum (Fig. 1) . These substances, most probably phosphonoglycosphingolipids, might also have the same epitope as FGL-IIb.
Nonganglioside, acidic glycosphingolipids containing sulfated glucuronic acid have been found in human peripheral nerves, including the cauda equina (23, 15, 16) . This sulfated glucuronic acid moiety seems to be an epitope, HNK-1, shared by the carbohydrate moieties of glycoproteins that are now of interest in connection with nerve cell adhesion (17) and with demyelinating neuropathy (18) . The developmental expressions of these glycolipids and glycoproteins are regulated in different ways (19) . Recently, the L2/HNK-1 epitope was also found in glycolipids and glycoproteins of an insect, Caltiphora vicina (20) . In Aplysia, we have not detected glycolipids containing sulfated glucuronic acid, but we have found many phosphonoglycosphingolipids, some of which contain pyruvic acid as a fairly acidic moiety, as shown in the present work.
Studies on the functions of these acidic glycolipids are in progress. In this study we found that these phosphonoglycosphingolipids containing pyruvic acid are localized in nerve bundles. This restricted localization suggests that these phosphonoglycosphingolipids may have some neurobiological function. Immunoelectron microscopic and cell culture experiments should provide a better understanding of the function of these compounds.
